Abstract. Cardiocondyla is one of the few ant genera in which winged dispersing males coexist with wingless fighter males, which predominantly mate inside their maternal nests. Male polymorphism is not genetically determined but induced by environmental conditions (e.g., a decrease in temperature). The factors leading to the production of winged males were studied in more detail by exposing colonies of C. obscurior to a specific set of rearing conditions. A "stressful" environmental condition (rearing temperature lowered on average by 5°C) experienced for at least two days, the decrease of temperature by a minimum of 3°C, and the addition of protein-rich food triggered the development of winged males. In contrast, a smaller decrease in temperature, starvation, encounters with workers from other species, and encounters with alien, conspecific winged males did not induce the production of winged males. Colonies differed strongly in their reaction to changing environmental conditions, which might indicate a difference in their threshold sensitivity. The results are discussed and compared with data from other dimorphic insect species.
INTRODUCTION
Many species of the ant genus Cardiocondyla are characterised by an extraordinary male dimorphism, with typical winged ant males, which disperse from the nest to mate with queens from other colonies, and worker-like, wingless males. Such "ergatoid males" never leave their natal nests but fight among themselves to gain access to virgin queens produced by their maternal colonies (Kinomura & Yamauchi, 1987; Stuart et al., 1987; Yamauchi & Kawase, 1992; Heinze et al., 1993 Heinze et al., , 1998 Heinze & Trenkle, 1997; Heinze, 1999) .
Previous studies on the proximate mechanisms underlying male dimorphism in Cardiocondyla revealed that the male morph is indirectly determined by changes in environmental conditions via changes in the behaviour of workers towards male larvae. Male second instar larvae that experience a change in worker attention under stressful environmental conditions, e.g., a sudden decrease of 5°C in rearing temperature (Cremer & Heinze, 2003) , develop into winged males (Schrempf & Heinze, 2006) , and those that do not experience such a change develop into ergatoid males. In addition, the study by Cremer & Heinze (2003) indicates that the expression of the male morph is independent of the morph of the grandfather, i.e., it does not have a heritable basis. As in other cases (Nijhout, 1994; Liu et al., 2005) , the changes in the environment are transcribed into a change in juvenile hormone titre. Treatment of first and second instar larvae of C. obscurior with methoprene (a JH analogue) led to the production of both winged males and female sexuals (Schrempf & Heinze, 2006) . Previous studies describe the influence of temperature changes on morph development, but the minimum degree of stress needed to elicit the production of winged males, the duration of the response to stress and the effect of potential stressors other than temperature have as yet not been investigated.
In this study, the rapidity and duration of the stress response, and the minimum temperature change that causes a response were determined. Furthermore, it was examined whether extra high quality (protein-rich) food, starvation, increased predation risk, or the occurrence of alien, conspecific winged males triggers the formation of the winged morph. (Wheeler, 1929) colonies were collected from nests in rolled lemon leaves in a lemon plantation at CEPLAC, Itabuna, Brazil in March 1998 and Sept. 2000. They were placed into plaster nests (10 cm × 10 cm × 3 cm) in the laboratory and kept in incubators at 30°/25°C, 12L : 12D cycles and a constant humidity of approximately 98%. They were fed three times per week with honey and pieces of dead insects. Before the start of the experiments, 84 colonies were observed for three to six weeks to ensure that they only produced ergatoid males. Four colonies, which did not produce males during this period, were excluded from further experiments.
MATERIAL AND METHODS

Cardiocondyla obscurior
To determine how long colonies need to be exposed to "temperature stress" to elicit the production of winged males, six to nine colonies were subjected to room temperature (on average 5°C lower than standard rearing temperature, appr. 24°C / day and 21°C / night; room temperature was measured regularly during the day; data for temperatures during the night were gained from climatic technicians of the university, and -in addition -measured irregularly) for 20, 10, 5, 3, 2 and 1 day(s) each. After being "stressed," the colonies were transferred back * Corresponding author.
into their original climatic chamber and reared under standard conditions for an additional three to six weeks. Six colonies kept for 17 weeks at room temperature served as positive controls, eight colonies kept under standard conditions in an incubator for 19 weeks served as negative controls (see Table 1 ). All colonies were observed three times per week. The start of and duration of winged male production were recorded. If rearing temperatures are decreased by 8°C or more, the production of brood decreases and the development of winged males ceases, presumably because of the low foraging activity of the workers of this tropical ant at low temperatures (E. Huber & A. Schrempf, unpubl.) .
To determine the minimum temperature decrease needed to elicit winged male production, five "unstressed" colonies each were exposed to temperatures that were 2°C and 3°C lower than standard rearing temperatures, i.e., 28°/23°C and 27°/22°C at 12L : 12D cycles. All other conditions remained unchanged. The two groups were observed for 19 and 5 weeks, respectively.
Winged males are significantly larger than ergatoid males and presumably require additional or other nutrition during their development. We therefore investigated the influence of diet quality and / or quantity on the occurrence of winged males. In a first experiment, we provided additional protein (two crushed Cardiocondyla pupae each) to six unstressed colonies three to five times per week over a period of five weeks. According to previous observations, dead pupae are carried into the nest and readily eaten. Colony productivity was monitored over a total of 8 weeks. In a second experiment, two small "unstressed" colonies were starved by only feeding them honey and water once or twice per week for 6 weeks.
To determine whether stress, through predation, induces the production of winged males, we introduced single workers of the ant Lasius emarginatus, as territory intruders or resource competitors, into the nest boxes of "unstressed" C. obscurior colonies. L. emarginatus colonies were fed only once per week and hungry L. emarginatus quickly engaged in fighting with C. obscurior, killed adults, and fed on eggs and larvae. One L. emarginatus worker was placed into each of five "unstressed" C. obscurior colonies twice per day for three weeks. Colony productivity was monitored for six weeks.
Finally, we examined whether the presence of alien winged males leads to the production of new winged males in "unstressed" colonies. A single alien winged male was placed into each of five "unstressed" colonies (and left there) three times per week. The colonies were manipulated for four weeks and observed for six weeks.
All data were analyzed with the software packages Excel and Statistica. A Spearman Rank correlation was used to check for a relation between the duration of stress and the number of reacting colonies. After confirming that data were normally distributed (Kolmogorov-Smirnov-test, p > 0.05), ANOVA or ANCOVA were carried out to detect differences between the respective treatments.
RESULTS
The response of colonies to stress increased with the duration of stress, e.g., exposing colonies to a rearing temperature lowered by on average 5°C (24°C/21°C day/night) for only one day did not result in the production of winged males, whereas all colonies produced winged males after experiencing stress for 20 days (Fig.  1 ). All positive controls, which were exposed to room temperature throughout the whole experiment, produced winged males, while the colonies of the negative control in the incubators did not produce winged males during the first five weeks of the experiment. In four of these negative control colonies a few winged males developed spontaneously late in the experiment although there was no change in environmental conditions. Colonies very quickly responded to "temperature stress": in one colony, winged male pupae were first found 8 days after the change in rearing conditions. Therefore, it appears that workers changed their nursing behaviour immediately after experiencing stressful conditions. On average, first winged male pupae were present in colonies within two weeks of the decrease in temperature (Fig. 2) . At the latest, colonies contained winged males after 3 weeks. In contrast, the negative control produced a few winged males significantly later (at the earliest after 35 days, on average after 46 days).
Most of the positive control colonies continued to produce winged males throughout the duration of exposure to lower temperature, however, in three colonies winged male production ceased temporarily (for several days up to several weeks). In contrast, colonies, which were returned to standard rearing conditions after "stress," quickly stopped producing winged males and produced exclusively ergatoid males (Fig. 3) .
While a long-term temperature drop of approximately 5°C led to the production of winged males in all colonies "Stress" (days) PC NC TABLE 1. Duration of "temperature stress", the number of colonies tested, and observation time in the experiments on male morph determination in the ant Cardiocondyla obscurior (NC = negative control under standard rearing temperature; PC = positive control under room temperature). Fig. 1 . Correlation between the percentage of colonies that reacted by producing winged males within five weeks after being "stressed" by a 5°C decrease in rearing temperature and the duration of exposure to "stress" (0 (neg. control), 1, 2, 3, 5, 10, 20 or >100 days (positive control), respectively: SpearmanRank-correlation: N = 8, rS = 0.98, p < 0.0001).
tested, a decrease of 3°C elicited winged male production in only two of five colonies, and not a single colony reacted to a drop of 2°C.
Adding additional proteinaceous food in the form of crushed Cardiocondyla pupae stimulated the production of winged males in 2 of 6 colonies. In contrast to an earlier, casual observation (Cremer & Heinze, 2003) , starvation did not lead to winged male production. Instead, the number of brood and adults in starved colonies decreased rapidly and the two colonies died.
The introduction of Lasius workers or alien winged males did not result in the production of winged males. Thus, colonies seem not to be "stressed" by alien intruders or stimulated to produce winged males even though other colonies in the population did produce such males.
DISCUSSION
The production of winged males in the ant Cardiocondyla obscurior was elicited in the laboratory by a sudden decrease in temperature of at least 3°C, a temperature drop of 5°C for more than two days, and by supplying crushed pupae as food. Other manipulations did not result in the development of the winged morph. Colonies appeared to be differently sensitive to environmental changes and not all colonies reacted to the more subtle or short-lasting periods of stress. In addition, some, but not all colonies spontaneously produced a few winged males even under the constant conditions in an incubator, suggesting that they had either responded to other influences or that these colonies were extremely sensitive and reacted to the regular checks at room temperature. Neither the introduction of territorial intruders nor that of alien winged males led to the production of winged males, suggesting that workers were not stressed by such occasional, short periods of disturbance.
At present, it is unknown why colonies differ so strongly in their reaction to environmental changes. Our results might indicate that the switch point, which controls the production of winged males, varies among colonies. Variation in the thresholds for the expression of alternative morphs has previously been reported for dung beetles, Onthophagus taurus (Moczek, 2003; Moczek & Nijhout, 2003) and mites (Tomkins & Brown, 2004 ), and appears to facilitate an adaptive reaction to environmental change (Emlen, 1994 (Emlen, , 1996 Roff, 1994) .
The existence of species of Cardiocondyla lacking winged males and of species with wingless and "intermorphic" males (Yamauchi et al., 2005) suggests genetic variation in the response threshold. Furthermore, cross-breeding within the related socially parasitic genus, Myrmoxenus, likewise points to the heritability of the switch point in environmental caste differentiation. Some Myrmoxenus species are active slave-makers and produce large numbers of workers, whereas other species are workerless, "degenerate" slave-makers, whose queens only produce sexual offspring. Hybrids between species showed intermediate caste ratios (Jessen & Klinkicht, 1990; Buschinger, 2001) . However, the Cardiocondyla colonies we used were presumably highly inbred and therefore strong intra-population variation in a putative genetic threshold is unlikely. Further research is needed 245 Fig. 3 . Mean (± SE and SD) duration of winged male production in colonies of the ant Cardiocondyla obscurior stressed for 2, 3, 5, 10 or 20 days, as well as in positive and negative control colonies (PC and NC). The duration of stress did not affect the duration of winged male production in colonies except for the positive control: stressed colonies stopped producing winged males shortly after being returned to a standard rearing temperature. In contrast, the positive controls produced winged males for significantly longer (ANOVA: F = 11.43, P << 0.01; post hoc LSD tests: positive control vs. all others: P << 0.05; all other combinations: P > 0.05). Fig. 2 . Mean (± SE and SD) time in days to the start of winged male production in colonies of the ant Cardiocondyla obscurior after experiencing a temperature decrease for 2, 3, 5, 10 or 20 days, as well as in positive and negative control colonies (PC and NC). Colonies on average produced winged males after 14 days, independent of the duration of stress. Some negative control colonies produced a few winged males, but significantly later than all other groups. Colony size, i.e. worker number, did not influence the time of the start of winged male production (ANCOVA with worker number as a cofactor: F= 2.50, P > 0.01; start of winged male production: F = 16.74, P << 0.05; post hoc LSD tests: negative control vs. all combinations, P << 0.05; all other combinations: P > 0.05).
to determine whether sensitivity varies consistently among colonies or whether the production of winged males is affected by epigenetic, idiosyncratic properties of individual colonies.
The production of winged males by colonies to which crushed C. obscurior were provided as food might be a direct response to a protein-rich diet. Winged males are considerably larger and heavier than ergatoid males. Nutrition often plays an important role in morph and caste determination. For example, morphogenesis in Trichogramma semblidis and Melittobia chalybii is affected by the quality rather than the quantity of food (Salt, 1937; Schmieder, 1933) . A protein-rich diet might elevate the JH-level in Cardiocondyla larvae, as, e.g., in honey bee queens (Wirtz, 1973) . Alternatively, providing crushed pupae might have elicited an alarm response in the workers, similar to that induced by a reduction in colony size or temperature decline (Cremer & Heinze, 2003) . Alarm pheromones released by attacked pea aphids induce other individuals to give birth to winged offspring (Kunert et al., 2005) , and ant pheromones leaking from the glands of crushed pupae might have a similar effect. In the future, other experiments, e.g., feeding the colonies with other protein-rich food, might reveal, which of these two explanations is correct.
In our experiment, colonies showed a quick reaction to a change in environmental conditions, which suggests a high sensitivity and a swift reaction of workers to variation in critical environmental conditions. An obvious question arising from this is whether such sudden temperature changes are a common component of the natural environment of this species. Climate data show that dayto-day changes in average temperature of more 2°C are rare in our study population in Brazil (J.H.C. Delabie, pers. comm.), which explains why no winged males were found in natural colonies over a period of 13 months (Heinze & Delabie, 2005) . However, it must be noted that C. obscurior is not native to Brazil, but presumably was introduced from somewhere in the paleotropics. Little is known of the climatic conditions in its native range, but winged males have been collected in Southeast Asia (K. Yamauchi, pers. comm.).
